We have identified pairs of residues across the two parallel ␤ strands of green fluorescent protein that facilitate native strand register of the surface-exposed ␤ barrel. After constructing a suitable host environment around two guest residues, minimizing interactions of the guest residues with surrounding side-chains yet maintaining the wild-type protein structure and the chromophore environment, we introduced a library of cross-strand pairings by cassette mutagenesis. Colonies of Escherichia coli transformed with the library differ in intracellular fluorescence. Most of the fluorescent pairs have predominantly charged and polar guest site residues. The magnitude and the rate of fluorescence acquisition in vivo from transformed E. coli cells varies among the mutants despite comparable levels of protein expression. Spectroscopic measurements of purified mutants show that the native protein structure is maintained. Kinetic studies using purified protein with fully matured chromophores demonstrate that the mutants span a 10-fold range in folding rates with undetectable differences in unfolding rates. Thus, green fluorescent protein provides an ideal system for monitoring determinants of in vivo protein folding. Cross-strand pairings affect both protein stability and folding kinetics by favoring the formation of native strand register preferentially to non-native strand alignments.
We have identified pairs of residues across the two parallel ␤ strands of green fluorescent protein that facilitate native strand register of the surface-exposed ␤ barrel. After constructing a suitable host environment around two guest residues, minimizing interactions of the guest residues with surrounding side-chains yet maintaining the wild-type protein structure and the chromophore environment, we introduced a library of cross-strand pairings by cassette mutagenesis. Colonies of Escherichia coli transformed with the library differ in intracellular fluorescence. Most of the fluorescent pairs have predominantly charged and polar guest site residues. The magnitude and the rate of fluorescence acquisition in vivo from transformed E. coli cells varies among the mutants despite comparable levels of protein expression. Spectroscopic measurements of purified mutants show that the native protein structure is maintained. Kinetic studies using purified protein with fully matured chromophores demonstrate that the mutants span a 10-fold range in folding rates with undetectable differences in unfolding rates. Thus, green fluorescent protein provides an ideal system for monitoring determinants of in vivo protein folding. Cross-strand pairings affect both protein stability and folding kinetics by favoring the formation of native strand register preferentially to non-native strand alignments.
The green fluorescent protein (GFP) 1 isolated from the jellyfish Aequorea victoria autocatalytically generates a covalently attached fluorophore when correctly folded and therefore fluoresces without external cofactors. This property permits the use of GFP in a wide range of applications (1) . The 238-residue protein consists of a long, regular ␤ barrel formed from eleven ␤ strands, the first and sixth of which align in parallel orientation; the others are antiparallel. A single ␣ helix passes through the center of the barrel (Fig. 1A) . The fluorescent chromophore is covalently attached to the protein at the center of the helix inside the barrel, shielded from solvent within the hydrophobic core of the ␤ barrel (2) . Biochemical experiments demonstrate that residues serine 65, tyrosine 66, and glycine 67 cyclize autocatalytically and oxidize to form the chromophore (3, 4) . No other cellular components are required for GFP fluorescence (5) .
GFP emits its characteristic fluorescence when it is properly folded. Only soluble protein is fluorescent. GFP isolated from the inclusion body fraction of Escherichia coli cell lysates is nonfluorescent but can be refolded in vitro to generate the fluorophore (2, 6, 7) . It has been suggested that GFP aggregates in inclusion bodies prior to productive folding (7) . GFP variants have been selected for increased cellular fluorescence without altering the chromophore environment. These same variants reduce the fraction of protein localizing to inclusion bodies when expressed in E. coli relative to wild-type GFP (8 -12) . Positions of mutations that increase cellular fluorescence map to loops and to both centrally directed and surface-exposed ␤ strand positions on the structure.
Because formation of mature GFP can be directly detected in cells, GFP provides an ideal system in which to study ␤ sheet protein folding in the cellular milieu. The folding of ␤ sheets is not well understood. Here, we focus on cross-strand pairings between the parallel strands on the solvent-exposed ␤ barrel of GFP.
We propose that interactions on the surface of ␤ sheets modulate the stability of ␤ sheets. Statistical analyses of crossstrand residue pairings in proteins of known structure (13) (14) (15) distinctively demonstrate non-random pairing; moreover preferences depend on the type of cross-strand site. Antiparallel ␤ sheets have two types of sites, one in which the backbones of both residues hydrogen-bond to one another and one in which backbone hydrogen-bonding groups are directed away from the cross-strand residue. The arrangement is different in parallel ␤ sheets. There is only one type of pairing, but the two residues in the pair are not equivalent. One residue, at the hydrogenbonding (HB) site, hydrogen-bonds to the backbone groups on both sides of its cross-strand residue, at the non-hydrogenbonding (nonHB) site. Experimentally, it has been shown that amino acid side-chains interact across ␤ strands in measurably favorable and unfavorable combinations (16 -19) . We propose cross-strand pairings in which both side chains can adopt their lowest energy side-chain conformation are favorable in ␤ sheets. Energetically unfavored pairings result when one or both residues of the pair adopt higher energy side-chain conformations, a consequence of steric constraints of the particular cross-strand site (18) . Thus, the type of site and the side-chain conformational preference influence favorable and unfavorable pairings in ␤ sheets. In sum, all of the above studies demonstrate that cross-strand pairings modulate the stability of proteins and suggest favorable pairings for particular types of cross-strand sites.
To identify cross-strand pairings in parallel sheets that facilitate correct strand register and protein folding in a cellular environment, we introduced a library of pairings into GFP at two positions. We investigated a subset of these cross-strand pairings in vivo and in vitro to demonstrate the structural integrity of these mutants by several spectroscopic methods. By following the intrinsic fluorescence of native protein, we have observed the slow protein folding process within cells and variations present among selected mutants. These findings agree with in vitro observations from the purified variants. We propose a model for strand alignment in parallel ␤ sheets, a problem highlighted by the nonconsecutive association of component ␤ strands.
EXPERIMENTAL PROCEDURES
"Wild-type" GFP Construct and Cross-strand Variants-The GFP background chosen for this study incorporated the following mutations relative to the wild-type GFP isolated from jellyfish: three amino acid substitutions (F99S, M153T, V163A) identified through a selection experiment for the phenotype, which improves the yield of soluble fluorescent protein in E. coli (9) , an historical polymerase chain reactioninduced mutation, Q80R (5) , and the K238N mutation at the unstructured C terminus (20) . All other positions are identical to wildtype. The variant containing these 5 mutations serves as "wild-type" in this study. Host site substitutions (L15T, D19T, S30A, E32A, E111A, V120T, E124T) were designed to create the environment around the cross-strand guest positions 17 and 122 in GFP (Fig. 1B) and were constructed by site-directed mutagenesis using standard protocols. DNA encoding a polyhistidine tag upstream of the initiation methionine was cloned between the NheI site in the gene and an upstream NdeI site on the pET11a plasmid (Novagen). Randomized oligonucleotide primers were used to generate the library of cross-strand pairings allowing all nucleotides at the first two positions and cytosine, guanine, and thymine at the third position for codon 17, thus eliminating two of three termination codons while maintaining the potential for all residues to be encoded. The primer for codon 122 had equimolar mixtures of all nucleotides at all three codon positions.
Expression in E. coli-Protein expression results from background induction in BL21 (DE3) cells (Novagen) in the absence of induction by isopropyl-1-thio-␤-D-galactopyranoside. 6-ml starter cultures of freshly transformed cells in LB medium in culture tubes were grown for 4 -5 h at 25-28°C. All 6 ml of this inoculum was used per liter of growth medium. Growth continued for 60 h total at 25-28°C with 200 rpm shaking speed.
Protein Purification-Cell pellets from growth cultures of 1-3 liters were lysed by sonication in 40 -50 ml 20 mM Tris (pH 8.0), 100 mM NaCl. Lysate was centrifuged at 13 krpm, 4°C for at least 30 min, and the supernatant was decanted for further purification. Purification with TALON metal affinity resin (CLONTECH) was performed according to the manufacturer's instructions in 20 mM Tris, pH 8.0, and 100 mM NaCl at room temperature. Protein was eluted in two sequential 4-ml volumes of buffer with 250 -500 mM imidazole. Nucleic acids (and imidazole) were removed in a final purification step by gel filtration chromatography, using a Superdex 75 column (Amersham Pharmacia Biotech) equilibrated in 20 mM Tris, pH 8.0, and 100 mM NaCl.
Spectroscopic Methods-Protein concentration was determined by the aromatic residue UV-vis absorption of acid-denatured protein at 280 nm (21) . Protein concentrations were determined from the mean of triplicate measurements. The estimated error is Ϯ5%. All purified protein samples were measured in 20 mM Tris (pH 8.0), 100 mM NaCl. UV-vis measurements were performed on a Hewlett Packard 845X UV-visible Chemstation on 10 M protein samples. CD spectra were recorded on an Aviv 62DS circular dichroism spectrometer (Aviv Instruments). Far-UV CD spectra were acquired from 190 -260 nm with 0.5 nm sampling. Spectra were recorded on 30 M protein samples in a quartz cuvette with a 0.1-cm path length. Fluorescence measurements were recorded on a Hitachi F-4500 fluorescence spectrophotometer with the photomultiplier tube set at 700 V. For in vivo measurements, excitation (5.0 nm slit width) was set at 397 nm, and emission (2.5 nm slit width) was monitored from 410 -700 (value reported for 509 nm). In vitro measurements were performed on 100 M protein with both excitation and emission slit widths set to 5 nm and photomultiplier tube voltage set at 700 V. Excitation and emission of the chromophore was measured at 397 and 550 nm (so that the minor excitation peak at 475 nm could be resolved), respectively.
In Vivo Folding Measurements-Freshly transformed E. coli cells were used to inoculate 3-ml cultures of LB medium supplemented with 50 g/ml ampicillin. Culture tubes were incubated at 25-28°C with 200 rpm agitation for 60 h because of the slow folding/maturation time of some of the mutants. A 100-l aliquot was taken from the culture and centrifuged in an Eppendorf tube at 13 krpm for 2 min. LB medium was pipetted off. This step removes any extracellular GFP in the medium resulting from cell death or leaking from cells as observed in some E. coli strains. At the same time, removing the medium eliminates background fluorescence from LB so that fluorescence measurements report only intracellular GFP levels. 1 ml of phosphate-buffered saline with final concentrations of 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na 2 HPO 4 ⅐7H 2 0, and 1.4 mM KH 2 PO 4 (ϳpH 7.3) (22) was added to the tube, and cells were resuspended and frozen at Ϫ20°C until measurement. For experiments in which samples were taken every 2 h during a time course, 100 l of starter culture (A 600 at 2) was used to inoculate 6 ml of LB medium(with ampicillin) in a culture tube. 100-l aliquots were taken and prepared as described above. In Vitro Folding Measurements-100 nM protein was equilibrated in 100 mM citrate buffer over a pH range of 1.8 to 8.2, 100 mM NaCl, and 1 mM DTT at room temperature for 16 h. Both chromophore fluorescence and aromatic residue fluorescence were measured by emission at 509 nm from excitation at 397 nm and 280 nm, respectively. Prior to refolding, protein was fully unfolded in 100 mM citrate (pH 1.93) and 100 mM NaCl with DTT present. This mixture was then diluted 107.5-fold to a final buffer of 20 mM Tris (pH 8.0), 100 mM NaCl, and 1 mM DTT. At this pH, all GFP variants are fully folded (Fig. 4A ). Because there are 11 prolines in GFP, one of which is a cis-proline in the native structure (P89), unfolding was carried out immediately before refolding experiments. Refolding was monitored by chromophore fluorescence at 509 nm. All measurements were performed in triplicate. Refolding spectra fit single exponential growth curves with an R of 0.99 or better. The quality of the fit was lower when the data were fit to higher exponentials. Protein unfolding was monitored by loss of chromophore fluorescence at 509 nm. Protein was diluted 250-fold from pH 8.0 into 1 ml of 100 mM citrate buffer (pH 4.35), 100 mM NaCl, 1 mM DTT to a final protein concentration of 100 nM. At this pH, all GFP variants are fully unfolded (Fig. 4A) . All measurements were performed in triplicate. 70 -80% of this transition occurs within the dead time of manual mixing techniques (within 12 s). Unfolding curves were fit by a single exponential rate with an R of 0.98 or better. Higher exponentials decreased the quality of the fit.
RESULTS

Host-Guest Environment between Parallel ␤ Strands on Surface Preserves Tertiary Structure of GFP-
We created a double guest site across the two parallel ␤ strands on the solventexposed face of the ␤ barrel of GFP and minimized possible interactions between the guest residues and the surrounding side chains on the protein surface (Fig. 1B) , in accordance with previous ␤ sheet host-guest studies (16 -19, 23, 24) . None of the residues on the two parallel ␤ strands of GFP has been identified by other studies to alter the folding properties or the chromophore environment of the protein. Positions in the center of the first and sixth strands sample a homogeneous ␤ sheet environment and minimize turn effects. The 17 HB 122 nonHB double-guest site was chosen because it best represents the solvent accessibilities of all types of ␤ sheets (both barrel and sheet arrangements). The host site with alanine residues at both guest site positions (E17A, R122A) constitutes the reference state for this study, Ala17-Ala 122 (Fig. 1B) . Ala 17 -Ala 122 was expressed in E. coli cells, and the fluorescence was compared with wild-type. Both types of colonies fluoresce after shifting the cells to room temperature for approximately 1 day, consistent with previous observations regarding the thermosensitivity of GFP (25) . Cellular fluorescence of cells expressing Ala 17 -Ala 122 has the same absorption and emission spectra as wild-type, indicating that substitutions on the protein surface creating the host-guest site maintains the tertiary environment of the buried chromophore in GFP. Having created an environment on the surface of GFP without altering the structure of folded protein, we incorporated a library of amino acid pairings at the two guest positions in GFP and monitored the fluorescence of intact E. coli cells.
Cross-strand Pairings on Surface of GFP Alter Level of Cellular
Fluorescence-Substitution of all amino acids at both guest positions (17 and 122) was achieved by ligating inserts encoding residues 2-138 (including both guest site positions) from cassette mutagenesis using degenerate oligonucleotide primers into a pET11a vector containing the remaining residues of the GFP gene. Transformed E. coli differed in the intensity of green fluorescence on a Petri dish when grown at 37°C and transferred to room temperature for at least 24 h. Approximately half of the 200 colonies were nonfluorescent. Qualitatively, 10% of the colonies were less fluorescent than Ala 17 -Ala 122 , 20% were equivalent to Ala 17 -Ala 122 , and a final 20% were more fluorescent than Ala 17 -Ala 122 , displaying nearly wild-type fluorescence. No colonies fluoresced as brightly as wild-type GFP, suggesting that seven of nine substitutions introduced to create the host-guest site result in decreased fluorescence. The genes of GFP variants were sequenced to determine the identity of guest site residues and to eliminate clones from the study that have a mutation at any site on the gene. Observed differences in fluorescence may result from protein expression, protein solubility, or protein stability.
The fluorescence properties of intact cells expressing different GFP variants were compared. All cells gave the characteristic GFP excitation and emission profiles confirming the maintenance of chromophore environment ( Fig. 2A) . One explanation for fluorescence differences among GFP variants is the amount of soluble, folded protein in cells, despite comparable levels of total protein expression (Fig. 2B) . GFP was prominent in all of the lysates, and the level of GFP expression was comparable. Hence, fluorescence differences do not result from large differences in protein expression.
Based on whole cell fluorescence, the GFP variants displayed between 10 and 60% of wild-type fluorescence (Table I ). The highest fluorescing colonies have predominantly polar and charged residues at the guest sites. Hydrophobic, aromatic, and ␤-branched residues, which have high ␤ sheet propensities, are not observed frequently, except for threonine, which is found at both guest positions and in a number of different pairings. The observed amino acid pairings at the solvent-exposed site indicate a preference for polar and charged residues, which may enhance the solubility of GFP. Hydrophobic residues are also observed among the best pairings (alanine, isoleucine, valine) including the hydrophobic pair, Leu 17 -Val 122 , suggesting that solubility is not the sole determinant of favored pairings. GFP is a much larger protein than other peptides or proteins in which cross-strand pairings have been studied (16 -19) . Therefore, residues unfavorable for ␤ sheet formation substituted into a protein may destabilize GFP to a lesser extent than a smaller protein, which may further account for the diversity of amino acids seen at the guest sites.
Cross-strand pairings capable of a number of possible types of side-chain interactions include Thr 17 -Thr 122 , in which threonine residues may hydrogen-bond to one another or to nearby host-site residues, possible cation- (26) , was chosen to represent a poorly fluorescing clone. These variants were compared with wild-type and Ala 17 -Ala 122 . Cultures were inoculated with equal amounts of cells, and there were no differences in E. coli growth rates for cultures expressing different GFP variants (Fig. 3A) . Fluorescence measurements showed pronounced variation in final fluorescence levels depending on the cross-strand pair (Fig. 3B ). Scaled relatively (Fig. 3C) , the variation in the rate at which fluorescence appears among mutants is clear. GFP matures slowly, and fluorescence from cultures grown at room temperature peaks at 24 h for wild-type and between 30 and 48 h for the variants. The fluorescence for all variants, which does not appear to be caused by cell death, decreases at the longest time points as the optical density of the samples plateaus at 40 h and does not further decrease even at the longest time points (Fig. 3A) . The fluorescence decrease may arise from protein degradation at long culture times. Both the final fluorescence level and the rate of fluorescence vary in cells depending on the residues paired across parallel ␤ strands on the surface of GFP.
Spectral Properties of Purified GFP Variant Proteins Are Identical-The fluorescence properties of soluble protein purified from E. coli cells expressing GFP cross-strand variants were determined as a sensitive probe of chromophore environment. The excitation and emission profiles of the variants are identical. The major emission peak at 509 nm and shoulder at 540 nm confirm that the wild-type environment around the chromophore is maintained in all of the cross-strand variants. The fluorescence of the single intrinsic tryptophan at position 57, investigated by excitation at 294 nm, results in a large emission peak at 509 nm with a shoulder at 540 nm, the signature of the chromophore fluorescence. The structure of GFP shows the tryptophan to lie 11 Å above the chromophore within the ␤ barrel, and tryptophan emission is absorbed by the nearby chromophore, consistent with previous findings (27). The fluorescences of GFP variants are indistinguishable from one another in response to tryptophan absorption, providing further evidence for structural conservation within the protein core.
The absorption spectra of these variants in the ultraviolet and visible region are superimposable. The peak at 280 nm corresponds to aromatic residues in the protein. The chromophore absorption peaks at 397 and 475 nm are also prominent features in the spectrum. The CD spectrum in the far-UV region is indicative of a ␤-sheet protein with a minimum at 217 nm. Fluorescence, absorption, and CD spectroscopies indicate that the wild-type chromophore site, aromatic residue environments, and overall backbone structure are preserved in the cross-strand variants. The variant proteins are spectroscopically indistinguishable from wild-type.
Cross-strand Pairings Affect Folding Rates in Vitro-Differences in the rate of fluorescence acquisition among selected GFP variants within cells may reflect differences in the folding rates of GFP. Therefore, we examined the kinetics of refolding and unfolding of the purified proteins. The chromophore is covalently bound to the native protein. By performing refolding studies, in vitro measurements isolate the folding event from chromophore maturation. Furthermore, the possible effects of cellular components that affect folding (e.g. chaperones) are eliminated. GFP has been shown to reversibly refold after either acid-or alkali-induced denaturation (28, 29) . We confirmed that the selected GFP variants display reversible folding behavior under these conditions. Fig. 4A shows the equilibrium denaturation of the acid-induced unfolding transition for wild-type and selected GFP variants. The denaturation is cooperative. Loss of fluorescence followed by chromophore or tryptophan absorption has the same pH profile. We compared the rates of refolding and unfolding of purified GFP mutants at conditions where all variants can be completely refolded or unfolded, respectively. Representative traces for each variant of refolding (Fig. 4B) and unfolding (Fig. 4C) followed by chromophore fluorescence fit to a single exponential. The refolding rate constants of purified variants (Table II) correlate with in vivo measurements and vary nearly an order of magnitude among the mutants. The unfolding spectra display small differences among wild-type GFP and selected variants and therefore have similar unfolding rates (Table II) .
Cross-strand Pairings Modulate GFP Stability-Refolding and unfolding rate constants were used to calculate relative stability differences (⌬⌬G u ) between the double-alanine reference mutant, Ala 17 -Ala 122 , and selected variants for the acidinduced unfolding transition (Table III) . For this calculation, we assume that the large variation in refolding rate constants accounts for the majority of the stability differences, and the small range of the unfolding rate constants is conserved throughout the pH range. Cross-strand pairings modulate the stabilities of the variants within 1 kcal mol Ϫ1 , and the charged pair, Glu 17 -Arg 122 is the most stabilizing, consistent with previous studies investigating cross-strand pairings in ␤ sheet proteins (16 -19) . The relative stabilities of mutants result from both the intrinsic ␤-sheet propensities of residues at the two guest sites and the effects of cross-strand interactions between . Protein samples were equilibrated in 100 mM citrate buffer, 100 mM NaCl, and 1 mM DTT at room temperature. B, refolding of wild-type GFP and selected variants; C, unfolding of wild-type GFP and selected variants. Refolding spectra were measured in 20 mM Tris (pH 8.0), 100 mM NaCl, 1 mM DTT at room temperature. Unfolding spectra were measured in 100 mM citrate buffer (pH 4.35), 100 mM NaCl, 1 mM DTT at room temperature. The lines represent a single-exponential fit for each spectrum. a Refolding was performed on protein denatured at pH 1.93, which was diluted 110-fold into 20 mM Tris (pH 8.0), 100 mM NaCl, 1 mM DTT.
b Unfolding was performed on protein by 250-fold dilution into 100 mM citrate (pH 4.35), 100 mM NaCl, 1 mM DTT. Wild-type GFP refolds with a rate constant of 0.017 Ϯ 0.001 (s
Ϫ1
) and unfolds with a rate constant of 0.0031 Ϯ 0.0003 (s
).
the two guest residues. Between parallel ␤ strands on the solvent-exposed barrel of GFP, cross-strand pairings modulate both the protein stability and the folding rate, without strongly affecting the unfolding rate.
DISCUSSION
Cross-strand Pairings Specify Folding or Aggregation in Slow Folding
Proteins-Chromophore maturation is proposed to be the last stage in the protein folding pathway of GFP (7), occurring subsequent to protein folding. By studying a library of GFP mutants with different residue pairings across the parallel ␤ strands, we observe differences in total cellular fluorescence. Despite differences in the magnitude of fluorescence among GFP variants in vivo, similarity by fluorescence, absorption, and CD spectroscopies in vitro suggests that the amount of mature protein differs in cells and not the structure of variant proteins. Hence, intracellular fluorescence monitors the soluble fraction of GFP expressed within cells. Total protein expression is comparable (Fig. 2B) ; thus mutants have different ratios of protein localizing to soluble and inclusion-body fractions. In vitro refolding experiments measure dramatic differences in the folding rate among GFP variants and suggest that faster folding rates within cells expressing GFP allow for greater total fluorescence. The fraction of the protein molecules that fold early are protected from aggregation and are capable of forming the fluorophore. Furthermore, we demonstrate that substitutions at two cross-strand positions can have a dramatic effect on the folding rate of a protein in vitro, which correlates with protein maturation within cells.
Model of the Folding Pathway Modulated by Cross-strand Interactions in Vivo-Combining thermodynamic and kinetic data, we analyze how cross-strand pairings affect the formation of fluorescent native protein from the "unfolded" state. However, we cannot distinguish between an unfolded state of the protein and an intermediate from in vivo or in vitro results. The differences in folding rates suggest that favorable pairings destabilize the unfolded state. In the simplest possible model, a destabilization of the unfolded state without changes in the transition state or folded state accounts for both the increase in stability and the faster folding rates of favorable cross-strand pairs. Disulfide bonds present in protein variants of T4 lysozyme have been shown to destabilize the unfolded state by reducing the entropy of the unfolded state (30 -32) . This effect is magnified in examples where disulfides restrict longer loops. Another example of a decrease in entropy destabilizing the unfolded state is observed in protein variants with glycine replacements to any other residue or replacements of any residue by the more constrained proline (33, 34) . Hence, a destabilization in the unfolded state due to loss of entropy can account both for the stability and the folding rate differences in GFP observed for favorable cross-strand pairings between parallel ␤ strands relative to Ala 17 -Ala 122 . A more complex model includes the contributions of favorable pairings in stabilizing the folded state. Both destabilizing the unfolded state and stabilizing the folded state were seen in favorable single substitutions in the B1 domain of IgG-binding protein G (35) . Because unfolding rates are relatively conserved among variants, it is possible that cross-strand interactions, which stabilize the folded state, are also present in the transition state, reducing its energy by a similar magnitude in both states. These stabilizations conserve the height of the unfolding barrier yet lower the folding barrier. Stability increases in favorable pairings are influenced by destabilization in the unfolded state and favorable interactions present in the folded state. Alternatively, interactions that stabilize both the transition state and the folded state without affecting the stability of the unfolded state could also account for the observed results.
We have selected variants at two cross-strand sites between the parallel ␤ strands on the solvent-exposed ␤ barrel of GFP. Neither mutations at these two positions nor mutations at the closest surrounding residues alter the wild-type spectral features of the covalently bound fluorophore in the core of the protein. Residue pairings at the cross-strand site alter the total fluorescence inside E. coli cells, which correlates with the rate of fluorescence acquisition from mature GFP. Proteins with favorable cross-strand pairings fold more quickly than those with less favorable pairings to achieve a higher final fluorescence. Unfavorable pairings result in unfolded or partially folded protein aggregates before becoming fluorescent. The in vivo folding rates correlate with those observed in vitro from studies with purified proteins. We propose that correct ␤-strand register between nonlocal sequences in ␤ sheet proteins results from energetically preferred pairings, which fold more quickly than less preferred pairings. Conversely, arrangements with incorrect ␤ strand alignments are less stable and fold slowly. Thus, the native strand alignment, having the kinetic and thermodynamic advantage, forms in preference to non-native strand alignments to specify correct register between ␤ strands. 
